The aim of this paper was to compare methods and sampling procedures applied to eucalyptus grown under different spatial arrangements in an integrated crop-livestock-forest system (ICLF). The study was carried out in Sinop county, Mato Grosso state, Brazil. Arrangements combining fixed and variable area methods to simple random and systematic sampling were tested. Precision, accuracy, efficiency, and diameter-distribution measurements were used for selection of the best sampling arrangement. The sampling intensity, sample unit optimal size and the relative efficiency have been changed depending on the spatial arrangement for 10% sampling error and 95% probability level. The fixed area method based on systematic sampling, as well as smaller sample units with eight to nine plants (48 m 2 to 54 m 2 ) were the most accurate; however, larger plots (192 m 2 to 216 m 2 ) were more efficient. All sample units size provided good estimates on the number of trees by diameter classes.
INTRODUCTION
The integrated crop-livestock-forest system (ICLF) applies to the sustainable meat, milk, grain, and forest products production in the same area through intercropping, succession or rotation plantations (Kichel et al., 2014) .
The integration between trees, agricultural crops and livestock can lead to complementary benefits. The agricultural activities cover the negative cash flow resulting from the requested forest-investment maturity time. Moreover, the trees provide environmental improvements such as carbon sequestration and dust suspension control, besides climatic condition enhancement. Some of these improvements concern the protection against frost, wind, hail and storms, as well as soil physical, chemical and biological-attribute improvements. These soil enhancements regard increased nutrient cycling, erosion control, pasture-nutrition value increase and water conservation (Paiva & Vital, 2003; Santos et al., 2010; Porfírio-da-Silva et al., 2010; Ferreira et al., 2014; Balbino et al., 2012) . The ICLF adoption in Brazil has grown due to its advantages, and this is the reason why it is expected to be implemented in more than 20 million hectares within the next 20 years (EMBRAPA, 2017) . It is worth providing producers with new information in order to assist them at the time of choosing the forest species and collecting performance and productivity data.
The information on trees and forests is gathered by an inventory system used to measure the extent, quantity and condition of the forest resources (Kangas & Maltamo, 2009 ). The first forest inventories were carried out in Central Europe in the 14th and 15th centuries, but they were definitely incorporated to forest planning in the early 19th century due to the development of the sampling theory (Asrat & Tesfaye, 2013) . Thenceforth, the sampling theory has been addressed and discussed in several scientific articles published in the specialized literature (Spurr, 1952; Husch, 1971; Loetsch et al., 1973; Vries, 1986; Shiver & Borders, 1996; Mandallaz, 2008; Kangas & Maltamo, 2009 ). Studies such as those performed by Mello et al. (2009 ), Druszcz et al. (2010 , Gomes et al. (2011 ), Nakajima et al. (2011 ), Péllico-Netto et al. (2014 , and Miranda et al. (2015) sought to assess the accuracy and efficiency of different methods and sampling processes applied to forest plantations. It is worth highlighting that these methods and processes vary depending on forest type, tree species and planting conditions, such as the topographic relief and plant mortality.
Trees are arranged in planting rows and cover a small fraction of the total area in ICLF; thus, this system deals with low tree-density per hectare. This feature does not allow carrying out a complete enumeration just as it happens in forest stands and native forests. However, a good sampling structure can generate accurate information at lower field cost and smaller effort.
Few studies have focused on the inventory of trees in ICFL systems. Authors such as Fick (2011) and Dias (2014) were pioneers in studying tree sampling in these production systems. Fick (2011) recommended applying the systematic sampling to 10% of the trees in a silvopastoral system by considering each tree as a sampling unit. Dias (2014) used the modified method of maximum curvature of the coefficient of variation and recommended adopting sample units with seven to eight eucalyptus trees planted in double and triple row arrangements.
The results found by the aforementioned authors contrast the methodology used in studies assessing the performance, biomass production, or tree growth modeling in ICLF (Nicodemo et al., 2009; Azevedo et al., 2009; Salles et al., 2012) . Such fact indicates that little attention has been given to the statistical basis at the time of defining the plot size, as well as to define sample size and the way of selecting the trees.
On the other hand, Balandier & Dupraz (1999) and Nicodemo et al. (2009) There were great methodological variations in the studies assessing the forest species' performance in ICLF, thus, it is worth developing data-collection protocols to compare different studies. Therefore, the aim of the current study was to compare methods and sampling procedures using sample units of different sizes in an integrated crop-livestock-forest system with different spatial arrangements.
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MATERIAL AND METHODS
The study was carried out in the experimental site of Embrapa Agrossilvipastoril (Empresa Brasileira de Pesquisa Agropecuária/Brazilian Agricultural Research Corporation), Sinop county, Mato Grosso state (MT), Brazil, at geographic coordinates 11°51'43" S and 55°35'27" W, altitude 384 m. The mean annual temperature is 25 °C and the mean annual rainfall is 2550 mm, with dry season from June to September. The prevalent soil type in the site is the Red-Yellow Latosol, at flat relief (Dias, 2014) .
The experimental area was established in February 2011 aiming at studying the effect of intercropping trees with piatã grass (Brachiaria brizantha cv. Piatã), silage corn and Girolanda dairy cattle. The experimental area covers 40 ha in total, which are subdivided in four blocks of 10 ha each. The experiment followed a randomized complete block design, with four replications and three treatments. The total absence of trees in the pasture (T0), the presence of peripheral trees in the pasture (T1) and the fully forested pasture area (T2) were taken into account. The experimental plots covered 3.33 ha and the hybrid clone of Eucalyptus grandis × Eucalyptus urophylla, commercially known as H13, was the forest component of choice. The double-row tree arrangement at 52 m × 3 m × 2 m (182 trees ha -1 ) spacing was used in T1 and the triple-row arrangement at 15 m × 3 m × 2 m spacing (714 trees ha -1 ) was adopted in T2.
The census data collected by Dias (2014) were used to set the population parameters. According to these data, all tree diameters at breast height (DBH) and total heights were measured with electronic hypsometer. Cartesian coordinates, failures and mortality were also taken into account. The total volume with bark (v wb ) in each tree rows was calculated by the Schumacher and Hall model (Equation 1), adjusted by Dias (2014) , to thirty samples trees using the Smalian method:
. . . lnv 9 66389 1 92184 lnd 0 8274 lnh
where v is total stem volume with bark; d is diameter at breast height; h is total height.
A calculation routine based on the census data was developed in an electronic spreadsheet in order to carry out the sampling simulations.
The sampling system (SS) was based on the combination of methods (variable and fixed area sampling) and procedures (systematic and simple random sampling). The sample units in the fixed area method were rectangular, in plots with 8 (SS 2, area of 48 m ) trees in the triple-rows arrangement. The minimum sampling-unit size followed the recommendation by Dias (2014) ; the maximum size was defined according to the relation between sampling intensity, number of potential units and experimental area.
The Prodan method, or the six trees variable method, was used as the variable area method (SS 1 and 5). It consists of allocating points in the forest according to any sampling design. Six trees located around this set point are measured in order to set the circular shape of the sample unit. The unit's radius is given by the distance from the sampling point to the last tree (Péllico-Netto & Brena, 1997).
The sample intensity was defined by preliminary forest inventory conducted in each plot size. It sets the initial sample size at 10% of the number of potential sample units. According to Péllico-Netto & Brena (1997) , the sample intensity (Equation 2) was found by considering the population variation function, the required precision (10%) at 95% probability level. 
where: N is number of potential sample units; t is student's t statistics; s 2 x is sample variance; E is allowed sampling error.
The definite inventory for each sampling system was simulated based on the sampling intensity definition. The first sampling unit in the systematic process was randomized and the other units were selected according to the k interval (Péllico-Netto & Brena, 1997) . Therefore, the sample intensity changed depending on the sample unit size, rather than on the sampling process, to allow comparisons.
The parameters for each sample were estimated according to Péllico-Netto & Brena (1997) and Soares et al. (2006) , after the selection of the samples. Two simulations were performed in each sampling procedure for each spatial arrangement and experimental block, thus totaling 8 replications per SS and 128 simulations. The 10% sampling error at 95% probability level was adopted.
The accuracy of the estimated volume was evaluated based on confidence interval, mean standard error and absolute error. The absolute error or the mean diameter and height deviation estimator was used as additional criterion.
The mean standard error (Equation 3) was calculated by dividing the sample's standard deviation by the square root of the sample size:
where s is mean standard error; n is number of sample units.
Accuracy was measured by the absolute inventory error (Equation 4) or by the estimator's deviation (in percentage). 
where x r is parametric mean; x e is estimated mean.
The weighted value of the statistical scores was used as the best way to select the sampling system (Schneider et al., 2009 ). The (a) mean standard deviation (S x ); (b) absolute error for the total volume with bark (AEV w/b ); (c) absolute error for the estimated mean in DBH (AE dhb ) and total height (EA h ); and (d) the amplitude of the confidence interval for the total estimated volume with bark (CIT tvwb ) values were ranked from the lowest to the highest value, i.e., from value 1 up to the highest recorded value. The sampling system presenting the lowest sum of the assessed statistical scores was considered the best one.
After the volume estimation in the trees rows (V rows ), the total volume produced in one hectare V (ha) in the ICLF was obtained (Equations 5 and 6). 
were V rows is the estimated volume in the row of trees (m 3 ); A is ICFL total área (ha); C is the area occupied by trees in the ICFL
where E r is tree rows distance; E l is trees line spacing; L is number of tree lines.
A new inventory was carried out based on the precision analysis results; the analysis depended on using the installation of sample units of different sizes distributed in a systematic way. The 20% sample intensity was used in the present experiment, and the 10% sample error at 95% probability level was also taken into account. ) trees.
The field team was composed of three people trained to measure and record the collected data. The trees' DHB (cm) and total height (m) were measured in each sample unit by using a diametric tape and an electronic hypsometer. A chronometer helped recording the time (in minutes) needed to perform the inventory, assessing the time spent to allocate the sample units and measuring the dendrometric variables, and the displacement among plots.
Subsequently, the relative efficiency (E) of each sample unit size was set according to Freese (1962) apud Péllico-Netto & Brena (1997) by considering the coefficient of variation (CV) of the total volume with bark (Equation 7). The sampling presenting the highest value was accepted as being more efficient.
where: E is efficiency; T is total time (min); CV is coefficient of variation.
To search effects of sample unit size on its ability to represent the tree diametric distribution in classes, we fitted Weibull probability function (Equation 8) by the percentiles method and compared using Kolmogorov-Smirnov test at 5% significance level.
where: x is diameter center class; α is location parameter; β is scale parameter; γ is form parameter.
RESULTS AND DISCUSSION
The sample intensity ranged from 20 to 27% in T1 and from 18 to 21% in T2 at 10% sample error and 95% probability level (Table 1 ). The sampling
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Sampling Alternatives for Eucalyptus Trees… Floresta e Ambiente 2019; 26(3): e20170893 systems 1, 4, and 8 in T1, and 1, 3, 4, 5, and 7 in T2 did not present good estimated volume, since the confidence interval of the total estimated volume with bark did not reach the parametric value. According to Shiver & Borders (1996) , such result derives from the sampling error magnitude, i.e., high magnitudes make the estimates unrepresentative of the population.
The sample system 5 (Prodan Method systematically applied) in T1 presented the best volume estimates, the lowest absolute error and the shortest confidence interval amplitude. However, the sample system 6 presented the best overall estimates ( Table 2 ). The sample system 6 (systematic sampling containing sample units with 9 plants and 54 m 2 ) in T2 presented the best volume estimates.
It was observed that the spatial arrangement had influence on the definition of the sample unit's optimal size, thus emphasizing the importance of adapting the sampling method to the forest conditions (i.e., the planting arrangement) because it allowed to increase precision at the same sample effort (Kangas & Maltamo, 2009 ).
There was precision superiority in the fixed-area method based on systematic sampling and smaller sample units holding few measurable trees. This result corroborated Fick (2011) and Dias (2014) , who noticed that small sample units can be used in forest inventories in ICLF systems.
Plot size was different from the one commonly recommended by the forest literature on monoculture tree plantations. Circular or rectangular sample units with area ranging from 300 m 2 to 600 m 2 are used in forest stands in Brazil (Soares et al., 2006) , and Spurr (1952) recommended sample units of SS is sampling system; N.T is number of trees; N.pu is number of potential units; I% is sample intensity; N.su is number of sampled units; S x is standard error of the mean; CV is coefficient of variation; Er is absolute error (m 3 ); CIT is confidence interval of the total (m 3 ha -1 ); LCL is lower confidence limit; UCL is upper confidence limit; d is diameter at breast height (cm); h is total height (m); V wb is total volume with bark in trees rows (m 3 ); *volume of wood produced in one hectare in ICLF system. 6/9 Tonini H, Wink C, Silva AGMF Floresta e Ambiente 2019; 26(3): e20170893 100 m 2 to 1000 m 2 (1 to 10% of a hectare) holding at least 20 to 30 measurable trees.
Fick (2011) also observed a better systematic process performance in the silvopastoral system. The main advantages of using this process is time saving, besides the lower costs demanded to allocate the sample units and the best sample units' distribution in the target population (Péllico-Netto & Brena, 1997; Soares et al., 2006) . Its main disadvantage is the impossibility to derive an estimator for the mean variance, since there is no independence when selecting the sample units (Soares et al., 2006; Kangas & Maltamo, 2009 ). However, the variance estimate of the random sampling can be used to estimate the systematic sampling variance, except for populations presenting periodic variations (Shiver & Borders, 1996) because, in this case, this sampling process should be avoided.
The satisfactory performance of the Prodan's method in the double-row planting arrangement evidenced that the variable-area method may be an option for the ICLF inventory, mainly when one wants to quickly and accurately estimate the volume in forest inventories at once. The time saved due to the adoption of proportional distance selection methods allows applying a larger sample and it provides better forest area coverage (Gomes et al., 2011) . However, circular samples (as used in the Prodan's Method) are not the most suitable for ICLF because the most part of its area is not occupied by forest species (Fick, 2011) . The advantage of having a smaller perimeter and of minimizing marginal-tree occurrences (Loetsch et al., 1973 ) is of little importance for the commonly adopted arrangements in ICLF systems, since the problem concerning marginal trees planted in rows, with one or more lines is irrelevant.
Regardless of the planting arrangement, the mean displacement, installation and measurement times decreased depending on the plot size (Table 3) . Smaller samples demanded 28.8% to 30.7% of the time spent in larger samples in the double and triple-row arrangements. However, the smaller sample units required longer total time, since it was necessary installing and measuring a larger number of small samples to assess the same sample intensity.
The measurement demanded the longest time ( Figure 1 ) and was decisive for forest inventory efficiency. Small sample units were measured faster than the larger ones (74% of the time in T1, and 75% of it in T2). However, measuring few large plots required shorter total time than measuring many small plots.
Efficiency changed depending on the planting arrangement, and this result confirmed Nakajima et al. (2011) , who stated that there is no sampling system applicable to all situations.
The sample-unit size that provides the best accuracy is not necessarily the most efficient one (Miranda et al., 2015) . The greatest efficiency was shown by plots holding 32 plants (192 m 2 ) in T1; and by those holding 18 plants (108 m 2 ) in T2. These results differed from those found by inventory accuracy analysis. Therefore, the objectives, time and available resources must be considered at the time of selecting the sample-systems. One must notice that small sample 
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The Kolmogorov-Smirnov test analysis, applied to different sample-unit sizes in order to verify their capacity to represent the tree diameter distribution (Figure 2 ), showed no significant difference. Thus, all the herein assessed sample-unit sizes presented frequencies close to those observed in the census. They also well-represented the trees' diameter structure in both planting arrangements. 
CONCLUSIONS
Sampling intensity, optimum sample size and relative efficiency have changed according to the planting spatial arrangement, fact that emphasizes the importance of adjusting the sampling method to the forest planting conditions in integrated crop-livestock-forest systems.
The fixed area method based on a systematic sampling process and on smaller sample units holding 8 to 9 plants (48 m 2 to 54 m 2 ) was the most accurate one. However, larger plots (192 m 2 to 216 m 2 ) have provided greater forest inventory efficiency. All sample-units sizes provided good estimates of the number of trees by diameter classes.
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